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Abstract. The new class of diode pumped alkali vapor lasers (DPALs) offers high efficiency cw laser 
beams at wavelengths which efficiently couple to photovoltaic (PV) cells: silicon cells at 895 nm 
(cesium), and GaAs cells at 795 nm (rubidium) and at 770 nm (potassium). DPAL electrical efficiencies 
of 25-30% are projected, enabling PV cell efficiencies ~40% (Si) and ~60% (GaAs). Near-diffraction-
limited DPAL device power scaling into the multi-kilowatt regime from a single aperture is projected. 

OPTIMUM LASER WAVELENGTH AND WAVEFORM 

Laser Power Beaming Applications 
 

Several valued applications of laser power beaming have been identified and 
assessed during the past decade. These applications include the transfer of ground-
generated laser power to remote PV cells placed on: 1) the lunar surface for colony 
power [1];  2) GEO satellites for battery recharging during spring/fall equinoxes 
[2,3,4];  3) LEO satellites for orbital maneuvers and transfers [5,6]; 4) space elevators 
to supply power to climbers [7,8]; 5) various DOD platforms/applications [9]. Several 
systems analyses and subsystem and components assessments have also been 
performed to identify optimum operating parameters for key elements of these 
applications [4,10,11]. A dominant driver in these analyses is the spectral and 
temporal response functions of practical PV converter cells, based primarily on the 
mature technology base of silicon (Si) and gallium arsenide (GaAs) PV cells. 
 

Optimum Laser Wavelength 
 
Fig. 1 shows the spectral dependence of PV conversion efficiency of Si, GaAs and 

other semiconductor materials [12]. The long-wavelength threshold for excitation of a 
silicon PV cell is ~1100 nm, rises to a peak conversion efficiency of ~40% at a 
wavelength of ~900 nm, and drops to half-peak conversion efficiency at a wavelength 
of ~500 nm. It is known that silicon PV cells exposed to electron bombardment 
characteristic of the GEO environment are damaged in a manner that decreases the PV 
efficiency and shifts the spectral response curve to shorter wavelengths. Thus, the 
optimum operating wavelength of a laser power beaming source employing silicon PV 



cells is ~900 nm (if the silicon PV cells will not be subjected to damaging electron 
irradiation); the optimum wavelength shifts to ~770 nm when such damage is 
anticipated. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 1.  Spectral response of photovoltaic cells (after ref. 12). 

 
The GaAs PV cell exhibits a long-wavelength excitation threshold of ~910 nm, 

rises to a peak conversion efficiency of ~60% at a wavelength of ~850 nm, and drops 
to half-peak conversion efficiency at a wavelength of ~300 nm. Thus, for GaAs PV 
cells, the optimum source wavelength is ~850 nm, but a source operating wavelength 
of ~800 nm will not result in a significantly lower efficiency. 

 
Optimum Laser Temporal Waveform 

 
Solar cells are designed to operate under steady continuous-wave (CW) solar 

illumination. Illumination for the cell produces useful electric power proportional to 
the photocurrent, while producing a dissipative power loss proportional to the square 
of the photocurrent (due to the cell’s internal resistance). For a specified illumination 
intensity, the cell is designed to maximize conversion efficiency. When illuminated by 
a repetitively pulsed source with a given peak to average intensity, the dissipative 
power loss increases relative to useful power generated, thus lowering the cell 
conversion efficiency. The degree to which efficiency decreases depends strongly on 
the peak-to-average power of the rep-pulsed source, the characteristic time duration of 
the pulses, and the internal response time of the cell photoelectrons [10, 13, 14]. 
Simulations of Si and GaAs photovoltaic cell responses to pulsed waveforms have 
been carried out [15] and correlated with measurements of cell performance under 



pulsed illumination. In summary, these studies show that: 1) cell performance 
degrades significantly for sources generating long pulses (>25 nsec) at low duty 
factors (<0.001); 2) cell performance may degrade incrementally for sources 
generating short pulses (<100 psec) at high duty factor (>0.1); and 3) the optimum 
power beaming source temporal waveform is continuous wave (CW). 

 
Previously Considered Lasers For Power Beaming 

 
Several well-developed lasers have been considered as potential sources for power 

beaming applications [16], including Nd:YAG (1064 nm), frequency-doubled 
Nd:YAG (532 nm), copper vapor (510 nm), titanium sapphire (690-1100 nm), 
AlGaAs laser diode arrays (~810 nm).  Of these, the Nd:YAG based lasers generally 
have ineffective wavelengths for matching practical photovoltaic cells. The copper 
vapor not only has a poor wavelength match but also operates with a pulse duration 
(~40 nsec) and duty factor (~10-4) that would significantly degrade photovoltaic 
conversion efficiency.  The titanium sapphire (TiS) laser is tunable from ~690 nm to 
~1000 nm and well matches the response curves of both GaAs and Si. However, the 
TiS laser cannot be directly pumped with high performance semiconductor laser diode 
pumps, and to date there has been no attempt to scale the output power of the TiS laser 
above about 100 watts. The concept of directly using high power AlGaAs laser diode 
arrays operating at a wavelength near 810 nm has been suggested, but attempts to 
scale diode array power while achieving near-diffraction-limited beam quality has 
been elusive. 

The rf-linac-driven free-electron-laser (FEL) has been most aggressively assessed 
for power beaming applications [9-12]. Under development for two decades, the pace 
of FEL development has been relatively slow (compared to the characteristic 
development time of solid state and gas lasers) because FELs generally require a 
significant investment in facility infrastructure even for low power exploratory 
experimentation. In the US, FEL development has gained accelerated momentum in 
recent years due to the development of superconducting magnets and accelerator 
infrastructure as a core part of a National DOE program at the Jefferson National 
Laboratory.  

The rf-linac-based FEL typically produces low peak power pulses with pulse 
durations in the psec range, with operating duty factors up to 10-1. Tests of both Si and 
AlGaAs PV cells with this type of waveform indicate little degradation in conversion 
efficiency. While rf FEL sources may be the ultimate high power (MW class source) 
for certain power-beaming applications, it seems that there is a need for continuous 
wave laser sources operating at optimum wavelengths capable of efficiency generating 
100 kW level near-diffraction-limited output in physically-compact form factors. A 
new class of diode-pumped alkali lasers (DPALs) has been invented that generally 
provides this set of characteristics [17-19]. 

 
 



 
 

DIODE-PUMPED ALKALI LASER (DPALS) CONCEPT   
 
As a class, the neutral alkali vapor atoms (Li, Na, K, Rb, and Cs) manifest the same 

rather simple low-lying electronic structure, due to their possession of but a single 
valance s-electron. This electron gives rise to a 2S1/2 ground level and to 2P1/2 and 2P3/2 
first and second excited levels split by a relatively small energy due to spin-orbit 
interaction. For illustrative purposes here we use the rubidium atom whose energy 
levels are shown in Fig. 2. The spectroscopic properties of the electric-dipole allowed 
2S1/2-2P1/2 and 2S1/2-2P3/2 resonance transitions (the so-called D1 and D2 transitions, 
respectively) of the alkali atoms have been extensively studied.  Also studied in detail 
are the collisional effects of all of the rare-gases and selected molecular gases on the 
population kinetics of 2P1/2,3/2 excited alkali atoms, including spectral broadening of 
the D-transitions, collisional mixing rates of excited 2P1/2,3/2 alkali atoms, and inelastic 
quenching rates.  
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FIGURE 2.  Energy level diagram of atomic Rb indicating pump and laser transitions. 
 
Because of the relatively small quantum energy defects between D1 and D2 

transitions (2% for Rb), the neutral alkali atoms have the potential to be especially 
efficient laser species in three-level lasers, provided practical means can be devised for 
effectively pumping the D2 transition [19]. For efficient three-level laser action to be 
achieved using alkali atoms pumped by commercial multimode diode pump laser 
sources with spectral widths of several nm, several conditions need be met 
simultaneously. First, the D1 and D2 transitions must be collisionally broadened 
sufficiently to assure that these transitions are effectively spectrally homogeneous to 
pump and induced D1 laser radiation. This can be achieved by buffering the alkali 
vapor with a partial pressure of one or more atmospheres of a rare gas such as helium. 
Second, the relatively broad spectrum of a practical pump source must be efficiently 
absorbed by the relatively narrow alkali D2 pump transition (even when it has been 



collisionally broadened). This can be achieved by adopting an end-pumped laser 
geometry, which effectively increases the spectral opacity of the medium in the far 
wings of the collisionally-broadened spectrally homogeneous D2 transition, and 
therefore increases pump absorption efficiency.  Third, population excited to a 2P3/2 
level by the pump must be rapidly quenched to the 2P1/2 upper laser level at a rate that 
is much faster than 2P spontaneous emission rates of ~ 3 x 107 sec-1. Collisional 
mixing of the 2P1/2,3/2 levels at rates an order of magnitude greater than this can be 
achieved by buffering the alkali vapor with ~100 Torr partial pressure of a small 
molecule such as ethane. When these three conditions are simultaneously met, one can 
anticipate efficient three-level laser action on the first resonant D1 transitions of the 
alkali atoms. 

Table 1 lists for the potassium, rubidium, and cesium alkali vapors the D2 pump 
wavelengths, the D1 laser wavelengths, and quantum energy defects. These alkalis are 
of particular interest because they can all be pumped with mature laser diode arrays 
utilizing AlGaAs and InGaInP compound semiconductor material systems. From 
Table 1, we see that these three DPALs are well matched to the range of optimum 
wavelengths for laser power beaming applications: Si (Cs at 895 nm), GaAs (K at 770 
nm or Rb at 785 nm). Because these lasers emit on the D1 transitions of the alkali 
atoms DPALs are perfect sources for remote powering of alkali-vapor-based photo-
thermal engines [20,21] as well as photovoltaic power converters.  

 
 
TABLE 1. DPAL quantum defects, and pump and laser wavelengths  

 Alkali Atom Pump Wavelength (nm) Laser Wavelength (nm) Quantum Defect 
K, potassium 766 770 0.0044 
Rb, rubidium 780 785 0.019 
Cs, cesium 852 895 0.047 

 
 
 

     
 

Recently we reported CW TEM00 laser action at 795 nm on the D1 transition of 
rubidium, using a titanium sapphire pump laser as a surrogate for a diode pump. The 
spectral width of the TiS pump was about four times broader than the collisionally 
broadened D2 pump transition [17,18]. We modeled the end-pumped geometry utilized 
in this laser demonstration experiment using the methodology developed by Beach 

[22] for CW end-pumped quasi-three-level lasers such as Yb:YAG. We took the 
2P1/2,3/2 mixing rate to be fast compared to all other rates present, consistent with 
literature data. That is, we assumed the population densities in the 52P1/2 state and the 
52P3/2 state to be in thermal equilibrium at the local gas temperature. We assume plane 
waves for the pump and laser beams within the resonator, and spectrally convolve the 
broader spectrum of the pump with the narrower Lorentzian pump transition of the 
alkali vapor along the cell, taking into account depletion of the ground level and the 
spectral reshaping of the pump beam as it propagates through the absorbing atomic 
vapor. We obtained excellent quantitative lock-up with the code using literature 
spectroscopic and kinetic data.  

Using this benched-marked model we have modeled end-pumped DPAL systems 
in which the pump freely propagates through a vapor cell as shown in Fig. 3. In this 
approach, a hollow lens-duct is used to deliver the pump light to the laser cell in a way 



that is compatible with both the use of a geometrically unstable resonators, and the 
desire to let the pump light double pass the gain medium to improve pump absorption 
efficiency.  Based on preliminary modeling, we believe the DPAL concept described 
above scales gracefully to systems with output powers beyond 100 kW, with very high 
efficiency.  As an example, Fig. 4 plots optical-optical efficiency of a Rb DPAL 
versus output coupler reflectivity for several pump irradiance levels using the same 10 
cm long cell described above. 

The optimized operating parameters for the three cases plotted in Fig. 4 are 
summarized in Table 2, where it is seen that the optimized Rb number density 
increases as the pump irradiance increases.  From the results summarized in Table 2, it 
is clear that a 100 kW class DPAL will be characterized by a laser output area of 
approximately 10 square centimeters. 

 
 

TABLE 2. Optimized Rb DPAL systems using 10 atm of He and 2 nm pump diodes 
Ipum p Optimized Rb 

density • cell length 
Rb Cell 

temperature 
Optimized output 

coupler 
reflectivity 

Optical-optical 
efficiency 

10 kW/cm2 3.94x1014/cm2 142°C 0.54 0.41 
25 kW/cm2 6.90x1014/cm2 150°C 0.35 0.58 
40 kW/cm2 9.75x1014/cm2 154°C 0.23 0.65 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

Alkali vapor and
buffer gas cell

Hollow lens
duct

Radiance 
conditioned 
diode
array

Diode Pumped Alkali Gas (Vapor) Laser
with unstable resonator

Output
reflector

HRPump 
Reflectors

Alkali metal

Alkali vapor and
buffer gas cell

Hollow lens
duct

Radiance 
conditioned 
diode
array

Diode Pumped Alkali Gas (Vapor) Laser
with unstable resonator

Output
reflector

HRHRPump 
Reflectors

Alkali metal
 

 
FIGURE. 3  Concept for a power scaled Rb DPAL system 
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FIGURE. 4  Optical-optical efficiency for a Rb DPAL at three different levels of incident pump 
irradiance as a function of the output coupler reflectivity. 

 
In addition to demonstrating near 70% optical-optical efficiency using an initial 

pump irradiance of 40 kW/cm2, well within the reach of today’s power scaled and 
radiance-conditioned laser diode arrays, the plots in Fig. 4 with their high efficiencies 
maintaining at low reflectivities underscore the compatibility of the DPAL concept 
with unstable resonators.  With optical-optical efficiencies peaking near output coupler 
reflectivities of 0.2, strip unstable resonators with cavity magnifications of 3 are 
reasonable choices for extracting with good beam quality over extended apertures.  

An interesting device configuration for a 100 kW class DPAL is analogous to that 
presently utilized for commercial multi-kW seal-off, 2-D waveguide CO2 lasers, 
shown in Fig. 5. In this architecture, high pressure helium gas (~10 atm) conducts 
waste heat generated in the optically pumped alkali vapor gain medium to the near-by 
large top and bottom cell plates, which are water cooled on their outer surfaces. In this 
way, there is no need to flow the working alkali-buffer gas laser medium. 
 



 
FIGURE. 5  Geometry of a high power CO2 sealed off waveguide laser. In a high power DPAL the rf 
discharge pumping is replaced by 2-D diode array pumping with the use of a cylindrical hollow lens 
duct.   

In order to limit the temperature gradient between the large cell plates and the 
center plane to a practical value of ~<200 C, it is necessary to limit the spacing 
between the plates to a few millimeters, for the specific thermal loading estimated to 
be present in an optimized 100 kW laser. Using the parameter definitions given in Fig. 
6 and in Table 3, we calculated a center-to-edge temperature gradient of 203 C when 
the cell plate separation is 3 mm, for a DPAL producing 100 kW output. We also 
calculated the Rayleigh Number, Ra, given by Eq. (1) to be 442 under these 
conditions, indicating that the thermally loaded gain medium is stable against the 
classic Bernard cell flow instability (whose threshold value for convective instability 
is 1100). 

 
          Eq. (1) Ra =  L3 ρ2 g β ∆T Cp (µ κ )-1   
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FIGURE. 6  Parameters for helium conductive cooling in a kW class DPAL wavelguide laser  



 
   TABLE 3. Parameters for a 100 kW DPAL waveguide laser  

 
 Parameter (definition) Parameter Value 

L = channel half-height  0.15 cm 
ρ = gas density   1.785 g/liter 
g = gravity acceleration  980 cm/sec2 
β = coeff. of therm expan.  0.00367/C 
Cp = specific heat   1.24 g/l 
µ = viscosity    0.0002 poise 
k= thermal conductivity   1.5 mW/cm-C 
Pp = pump flux 50 kW/cm2 
∆λp = pump spectral width (FWHM) 2 nm 
L = channel half-height  0.15 cm  
P = helium pressure 10 atm 
∆T = ctr-to-edge temp diff.  204 C 
Ra = Rayleigh Number 442 

 
 
 
 
 
 
 
 
 
 
 
 

 
Of course, because the index of refraction of the DPAL gain medium is dominated 

by the 10 atm of helium buffer gas, its value is quite small at ~1.00036. Moreover, for 
this static cell design, the variation of the index of refraction of gain medium is 
negative with a value of ~-6.7 x 10-7/C (or about 1/10 in magnitude that of most solid 
state gain media such as YAG). Thus, this feature offers the possibility of designing 
for an athermal medium condition to facilitate achievement of near-diffraction-limited 
beam quality at very high CW laser power. 

We have outlined the case for potassium, rubidium, and cesium DPALs as 
optimum lasers for laser power beaming applications, with respect to their operating in 
a pure continuous-wave mode and their operating at essentially ideal wavelengths: Si 
(Cs 895 nm; Rb 795 nm) and AlGaAs (Rb 795 nm; K 770 nm). We have also 
described the basic DPAL architecture and outlined how power scaling to the 100 kW 
range can be approached while maintaining near diffraction-limited performance. 
Although at very early stage of development, it appears that the development of high 
power DPALs can be realized using currently available diode pump arrays. Given a 
projected optical-to-optical efficiency as high as 60% for a well designed DPAL, and 
the ~50% electrical efficiency of modern diode pump arrays, we can look forward to 
DPAL electrical efficiencies in the 20-25% range. 

 
POWER BEAMING FOR LEO-TO-GEO MISSION   

 
For large laser facilities the capital costs typically dominate over operating costs.  

Under these circumstances desirable mission characteristics involve continuous 
operation or at least high duty factors.  For applications to propulsion, short and rare 
events such as earth-to-LEO flights should be avoided.  Potential longer durations but 
very rare flight profiles such as interplanetary missions also offer few attractions.  The 
most attractive power beaming propulsion opportunity appears to be the lifting of 
satellites from LEO to GEO.  The current launch rate would provide over ten launches 



per year.  If the flight duration is around one month, then a power beaming system 
could potentially have near continuous utilization. 

The primary savings in raising satellites to GEO would be the lowering of the 
conventional launch costs by a reduction of payloads required to be lifted to LEO.  In 
modern launch vehicles a high efficiency second stage (Isp~450 sec) is used to insert 
the satellite into a geosynchronous transfer orbit (GTO).  For a Delta IV vehicle the 
payload in GTO is about 0.57 of the payload capacity in LEO.  A lower efficiency 
solid rocket (Isp~290 sec) is used to circularize the orbit at apogee.  As a result the 
payload weight in GEO will be less than thirty percent of the launch vehicle’s capacity 
for LEO.  A power beaming propulsion system would have a much higher payload to 
LEO mass fraction. 

Power beaming propulsion could be used either for the less demanding 
circularization task requiring a velocity change of approximately 2 km/sec or for both 
tasks requiring a total change of 5.2 km/sec.  These velocity changes for slow, low 
acceleration systems are slightly larger than for the fast impulse changes of 
conventional rockets.  The circularization task has the additional advantage of 
competing against less efficient solid rocket technology. 

To achieve these missions a large (10m) ground based telescope would be required 
to beam the power to the satellite.  The satellite would be in view of the telescope for 
only part of its orbit, particularly for low orbits.  After the laser beam is converted to 
electrical power by the satellite solar cells, an ion or other electrical propulsion system 
would utilize the power.  Table 4 gives the characteristics of such a system.  Table 5 
shows the estimated performance for the two mission options.  This initial estimate 
ignores the complications of limited satellite visibility which would lengthen the 
required times. 

 
Table 4. Power beaming system characteristics 

  
 Laser power    125 kW  Burn duration  1 month 
 Propulsion power      50 kW  Fuel mass  290 kg 
 Ion propulsion    Engine mass   100 kg 
 Specific impulse    3000 sec  Telescope diameter 10 m 
 Thrust     3.3 N   Receiver diameter >8m 
 
 

Table 5. Mission capabilities 
 

Mission   LEO to GEO  GTO to GEO 
∆v required (km/sec) 5.2 km/sec  2.0 km/sec 
Payload (kg)  1420   4090 
Total  mass (kg)  1810   4480 
Mass for conventional 
rocket    5070   7690 

 
 
A power beaming laser of order 125 kW appears adequate to address many of the 

current propulsion requirements.  Once such a laser is technically feasible, the major 
economic savings in launch vehicle costs would make a compelling case for rapid 
deployment. 
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